Background: Energy crops are of considerable importance for biogas production, especially in Germany. The main energy crops for that purpose are corn silage, grass silage, whole crop grain silage and other non-legume crops. The reason for preferring these crops is their high yield, which not only results in high yields of biogas per hectare but also in a high mitigation of greenhouse gases in the course of replacing fossil energy. This article aims to show an additional effect exerted on energy yield and mitigation of greenhouse gases by the use of legume energy crops. The symbiotic nitrogen fixation (SNF) of legumes compensates inorganic N fertilizer in conventional farms, if the digestate is applied as a fertilizer to the non-legume cash crops. The production of chemical N fertilizer is very energy intensive and leads to emissions of greenhouse gases from fossil energy consumption and from nitrous oxide generation. So, the creation of an effective organic fertilizer with nitrogen from biological N 2 fixation is a further energy add-on effect to the reduction of greenhouse gas emissions. Methods: For this article, data with regard to the SNF of legumes obtained in field experiments at the research station at Gladbacherhof (University of Giessen) from 2002 to 2005 were re-calculated and compared with data concerning energy need and greenhouse gas emissions in the process of producing mineral nitrogen fertilizer. In addition to the possible methane yield of these substrates, the saving in energy and greenhouse gas emissions by substituting mineral fertilizers is shown. Results: As a result, the possible replacement of primary energy by SNF of clover grass leys is calculated to be approximately less than 6.4 MWh ha −1 a −1 . This is a yield that is reached in addition to the methane production, i.e. a possible reduction of greenhouse gas emissions through SNF per hectare of clover grass leys of more than 2 t CO 2 equivalents ha −1 a −1 can be achieved.
Background
Using renewable energy sources like biogas can substitute fossil sources and avoid greenhouse gas emissions. Energy crops are of considerable importance for biogas production, especially in Germany [1] . The main energy crops for that purpose are corn silage, grass silage, whole crop grain silage (grain crops chopped in the dough-ripe stage for ensiling) and other non-legume crops. The reason for preferring these crops is their high dry matter yield [2] , which results in high yields of biogas per hectare and in high mitigation of greenhouse gases in the process of replacing fossil energy (natural gas, crude oil, lignite and hard coal).
This article aims to show an additional influence exerted on energy yield and mitigation of greenhouse gases through the use of legume energy crops. Via anaerobic digestion, the grown energy crops are transferred into organic fertilizers. In this way, the biological N 2 fixation (symbiotic nitrogen fixation (SNF)) of legumes compensates inorganic N fertilizer in conventional farms, if the digestate is applied as a fertilizer to the non-legume cash crops. The production of chemical N fertilizer is very energy intensive and leads to emissions of greenhouse gases through the utilization of fossil fuels and the generation of nitrous oxide emissions from production processes. In this way, both climate relevant emissions, caused by the use of fossil energy sources in the manufacturing of mineral fertilizer as well as by the generation of nitrous oxide emissions during the production process, could be avoided. Thus, the creation of an effective organic fertilizer with the nitrogen from the biological N 2 fixation is a further energy add-on effect leading to a reduction of greenhouse gas emissions.
Methods
The data about the biological N 2 fixation of legume crops for biogas substrate derived from field experiments using organic cropping systems. The cropping systems were (i) a typical crop rotation for stockless organic farming systems and (ii) a typical crop rotation for organic dairy farms. The crop rotation of the stockless organic farming systems included: 1. clover grass (CG); 2. potatoes (Solanum tuberosum L.); 3. winter wheat (Triticum aestivum L.) + catch crop (CC); 4. spring peas (Pisum sativum L.) + CC; 5. winter wheat (T. aestivum) + CC; and 6. spring wheat (T. aestivum) with under-sown CG. The used forage mixture of the CG consisted of Trifolium pratense L. at a seed rate of 7.5 kg ha and oil radish (Raphanus sativus L.) at 5 kg ha −1 (for more details, see [3] ).
The crop rotation of the organic dairy farming system included: (1 and 2) 2 years of CG, 3. winter wheat (T. aestivum) + CC, 4. corn (Zea mays L.) at 80% of the area and potatoes (S. tuberosum) at 20% of the area, 5. winter rye (Secale cereale L.) + CC, 6. spring peas (P. sativum) + CC, 7. spelt (Triticum aestivum subsp. spelta) and 8. spring wheat (T. aestivum) with under-sown CG. The seed mixtures of the forage ley and the catch crop mixture were the same as described above (for more details, see [4] ).
The experiments were carried at the research station of the University of Giessen, Gladbacherhof, from 2002 to 2005. The site is located in the Limburg Basin (latitude 50°24′ N, longitude 8°15′ E, altitude: ca. 210 m). The soils are silty loams derived from loess with pH values of 6.6 to 6.9. They are classified as calcic luvisols with a field capacity of 330 to 370 mm m −1 . The mean soil Ct content in the 0-to 30-cm layer was 1.06%, and the Nt content was 0.125% as described in [5] .
The SNF of the CC was assessed by subtracting the soil borne N supply from the total CC N uptake. The soil borne N supply to CC was evaluated according to the data obtained from other trials carried out at the same site using non-leguminous CC (for more details, see [5] ). The SNF of the CG was estimated according to the algorithms of Stein-Bachinger et al. [6] by multiplying DM yield (t ha −1 ), the legume content in the CG (%), and an estimated N derived from the atmosphere (Ndfa) (%). The percentage of Ndfa depends on DM yield, legume content and the above-ground biomass management (harvested/mulched), according to the algorithms provided by the model, see [6] . For more details, see [3] .
The cropping of such legume cultures for biogas production is independent of the farming system, the organics or the conventional approach. It can also be carried out in conventional farms and will result in a replacement of non-legume energy crops and inorganic nitrogen fertilizer. The data obtained for the nitrogen yield in these experiments performed in organic farming systems are therefore transferred to conventional systems as an additional N yield, which can replace mineral N fertilizer.
To calculate the savings in energy and greenhouse gases by replacing mineral fertilizer, the occurrence of ammonia losses in the fertilization with digestate, measured in the field experiment, was taken into consideration. According to the investigations of Möller and Stinner [7] in the same research project, the losses amounted to 7% of nitrogen in the case of a separate application of the liquid and solid fermentation products (see column and line 2 of Table 1 ). After deducting the ammonia losses, the N efficiency of the separated liquid digestate, rich in ammonia is estimated to be 76%, whereas the N efficiency of the separated solid digestate with a high content of organic nitrogen is estimated to be 63% (Table 1) . The medium N efficiency of mineral fertilizer is taken as 86% [8] . Thus, on average, 1 kg of digestate N counts for 800 g of mineral fertilizer N.
These assumptions are based on the averaged content of ammonia and organic nitrogen in the digestate. The ammonia N availability is equivalent to the mineral fertilizers with regard to ammonia volatilization. The longterm availability of the organic bound nitrogen from organic fertilizers amounted to 58% to 59% [8] . For mineral N fertilizer, the author obtained an N efficiency of 86% (see line four, column five in Table 1 ). This resulted in an equivalence factor of 80% between the mineral fertilizer and the average of the solid and liquid digestate.
The assumptions for digestate can be seen as conservative ones, when new measures of digestate fertilizing (e.g. strip tillage with an underlaying digestate depot) will be optimized and proved (for efficient cultivation options, see Hauggaard-Nielsen et al. [9] ).
The values according to Nemecek and Kägi [10, 11] and Nemecek and Schnetzer [12] have been used to calculate the savings in energy and greenhouse gases when replacing the mineral fertilizer nitrogen (see also [13] ). In the database for life-cycle analyses of agricultural production systems, an energy consumption for common nitrogen mineral fertilizer (ammonium nitrate) of 58.2 MJ × kg N −1 and emissions of 6.032 kg CO 2 eq. kg N −1 was obtained.
Results and discussion Table 1 in the 'Methods' section takes not only into account the ammonia losses after spreading of digestate but also the different nitrogen efficiencies of organic and inorganic fertilizers. With regard to [13] and [7] , the solid-liquid separation of digestate is a good practice measure to reduce the ammonia losses after spreading of the digestate. Due to this method, the nitrogen losses in the whole process chain as well as the N efficiency on the field are of great importance for the results. Important causes of losses are ammonia volatilizations in the whole process chain. In both parts, in the biogas plant and in field application, these losses are strongly influenced by the technique and management used [14] [15] [16] [17] [18] [19] [20] . The field N efficiency also depends on a couple of further factors in addition to the kind of fertilizer, especially in the case of organic fertilizers. These factors are application technique, time and rate of application, fertilized crop and nutrient management by crop rotation and cropping methods [21] [22] [23] [24] [25] . The field experiment shows an average SNF of 122 kg N ha −1 (Table 2 ), see also [3] , for arable land with the given crop rotation. One hectare of clover grass leys as a biogas substrate can produce up to 500 kg of nitrogen through SNF per main year of cultivation ( [13] , compared with [26] ). The average SNF of legume catch crop mixtures amounted to 61 kg N per hectare of cover cropping. These amounts are effects achieved in addition to the potential of methane production from the harvested crops. The nitrogen in the investigated ecological system was produced without restrictions in food production. It seems to be possible to transfer the results to conventional systems. In the case of the clover grass leys, the additional nitrogen harvest as well as further effects (e.g. humus balance, preceding crop effects) needs to be balanced with lower direct biomass yields compared to other substrate crops (e.g. corn silage, whole crop silage). For the humus balance, the cropping of legume forage lays (without including the digestate) generated a surplus of 600 to 800 humus equivalent units per hectare of main cropping According to the IPCC scheme [10, 12] , the N 2 O emissions after application are similar but due to the lower efficiency, a higher amount is needed. So, the relevant value is the emission per kg of replaced mineral fertilizer (next column).
depending on the yield level [27] . This surplus can cover the humus needs of other crops in the crop rotation. In contrast to that, non-legume crops for energy production or other purposes (also without taking the digestate into consideration) showed a need of 560 (corn silage), 760 (sugar beet) or 280 humus equivalent units (cereals, threshed, minimum values, respectively, see also [27] ). This considerable advantage of legume forage leys should be taken into account, when comparing different energy crops. Table 2 shows the savings in non-renewable energy (fossil + nuclear) and greenhouse gas emissions per kg N through SNF when replacing mineral fertilizer by digestate. The value for the transfer of N to N 2 O is the same for inorganic and organic fertilizers [12] . However, the N efficiency of the digestate is only calculated to reach 80% of the mineral fertilizers efficiency (average of liquid and solid fraction, see Table 1 ), i.e. a higher amount of digestate N for the same fertilizing effect. Due to the fact that N 2 O generation is calculated on the basis of the applied N, a higher transfer of digestate nitrogen into nitrous oxide after fertilization is calculated to be 2.98: 0.8 = 3.73, where 2.98 is the N 2 O emission after the application in kg of CO 2 equivalents for both kinds of fertilizer. The divisor 0.8 derives from the equivalence factor between digestate N and mineral N, as shown in the Methods. The resulting value denotes the digestate emissions of 3.73 kg CO 2 equivalents per kg of mineral N, which is replaced by (1.25 kg of ) digestate N. In this way, the results of digestate emissions are comparable to the values of mineral fertilizer.
The net savings of greenhouse gases through SNF [kg CO 2 eq. kg −1 of inorganic N fertilizer replaced] are 9.01 − 3.73 = 5.28, where 9.01 is the sum of greenhouse gas emissions (in kg of CO 2 equivalents) per kg of N caused by mineral fertilizer and 3.73 is the greenhouse gas emissions (in kg of CO 2 equivalents) for the replacement of 1 kg inorganic N by digestate ( Table 2 ).
The energy for cropping and processing the clover grass is calculated as part of the methane production as well as the emissions from cropping and operating the biogas plant. This makes the values comparable with the use of other energy crops without the benefits from SNF, such like corn silage. Table 3 shows the values of energy savings and greenhouse gases calculated for the given field data. In the case of the catch crops, the results of the field experiments did not show any differences in the dry matter yield regarding the N nutrition [5] . Depending on the N availability, only the composition of the mixture was adapted. Higher N availability leads to higher contents of the non-legume partner in the mixture and vice versa. This effect was often found by other authors as cited in [5] and [13] . This may be different, if other catch crops can be integrated (e.g. annual ryegrass). The nitrogen yields by SNF were strongly dependent on the nitrogen availability: as higher the nitrogen availability, the lower the SNF. This means, a strategy to optimize nitrogen harvest should be to only recognize the use of fertilizers of a wide C/N ratio in the fertilization of legume mixtures for biogas substrate. This is evident when comparing the SNF after cereals and peas (Table 3 ) and furthermore when studying the results of catch crops amended with digestate (data not shown).
Depending on the different previous crops and the remaining nitrogen, the catch crops have fixed 36 to 77 kg N ha −1 of nitrogen by SNF (x¯= 61 kg N ha −1 , Table 1 ). For most of the locations relating to catch crops, as determined by water supply and the harvest period of the previous crops, a transfer to conventional conditions is possible. To ensure a high SNF, the use of nitrogen fertilizers to legume mixtures must be avoided because high nitrogen availability leads to higher contents of non-legume partners in the mixtures and a low SNF from legumes [5, [28] [29] [30] [31] [32] . This means that a sufficient capacity of fermentation residue storage is necessary. For high SNF, forage mixtures or catch crops with the option to be mixtures with legumes should not be regarded as an element for clearing the digestate storages anymore. Alternative adjustments in the selection and management of non-legume market crops are required. With the usual technique, the fertilization of winter grains with liquid digestate (of a narrow C/N-ratio) should be carried out under the beneficial soil conditions at the beginning of the vegetation period in early spring. Concentrating injection techniques, optionally combined with measures against nitrification, have proved to be suitable for the fertilization of such crops with liquid organic fertilizers. For instance, in the cultivation of corn, the fertilization with digestate would be possible until July, provided an appropriate equipment is applied. The cash crop for a moderate fertilization with digestate (or other organic fertilizers of a small C/N ratio) in the second half of the year is rapeseed (Brassica napus L.) due to its high nitrogen uptake before wintertime [33] . This crop can be amended with digestate ideally before seeding in August. The amount of digestate for a reasonable fertilization strongly depends on the N surpluses and the straw management of the pre-crop.
In addition to the possible biogas production [34] , the use of clover grass leys as a biogas substrate can reduce the primary energy consumption to more than 6.4 MWh ha −1 and the greenhouse gas emissions to more than 2 t CO 2 eq. ha −1 (Table 2) in a conventional system when replacing mineral nitrogen fertilizer. Legume intercrop mixtures were able to save approximately 0.8 MWh ha −1 a −1 and more than 200 kg CO 2 equivalents ha −1 a −1 . At the moment, in conventional systems, the use of such legume mixtures for biogas production is almost of no significance. Corn silage and further non-legumes are the most important crops producing biogas in Germany [1] due to their high methane yields. Indeed, using grass leys as substrate crops is an interesting alternative under certain local conditions [35] .
The results show additional effects exerted by legume energy crops on energy yields and greenhouse gas savings, which have not been discussed by other authors until now. The SNF, which is set up above, has led to an improvement of this crop.
Further advantages of applying legume forage leys as energy crops are the following: expansion of tight crop rotations, abatement of the risks for the corn cultivation through the corn rootworm [36] [37] [38] , extended soil regeneration period, protection against erosion, lower production of nitrous oxide by the soil as compared to the use of non-legumes due to the absence of nitrogen fertilization [7, 10] , and lower danger of nitrate leaching through soil coverage all year. The high competitive strength of clover grass leys is a measure of good weed inhibition. Considering nitrogen efficiency and the mentioned agronomic effects [39, 40] , the economic use of clover grass leys and catch crop legumes when applying a biogas technique may be of advantage also under conventional circumstances.
Under this background, the efficiencies of different energy crops should be re-discussed and compared to the literature findings [2, 41, 42] .
Conclusions
The results show a strong underestimation of the yields of legumes as energy crops. Currently, energy crops for biogas digestion are mainly annual non-legume crops such as corn silage, whole crop grain silage (grain crops chopped in the dough-ripe stage for ensiling), etc. These crops are mainly regarded as the most effective because of their high methane production per hectare and the great replacing of fossil energy carriers. The high amount of energy saving (e.g. more than 20% of energy in addition to the methane yield of clover grass leys [13, 43] ) and the greenhouse gas mitigation by replacement of mineral nitrogen by symbiotic fixed nitrogen of legume crops for biogas production are remarkable, when the digestate is used to fertilize the non-legume crops. These results should be integrated in holistic evaluations of energy crops. This measure may change the relative advantages of different crops as biogas substrates.
Abbreviations AL: arable land; CC: catch crop; ha: hectare; N: nitrogen; SNF: symbiotic nitrogen fixation.
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